Abstract: This work evaluated the complexation capacity, exchange constants and availability of micronutrients for plants and humic substances extracted from peat samples. Samples of humic substances extracted from two tropical peats (HS-P1 and HS-P2) were enriched with the micronutrients Cu(II), Co(II), Fe(II), Mn(II), Ni(II) and Zn(II) and the parameters for formation of the complexes (HS-N) were evaluated at different pH. The Scatchard model was used to calculate the maximum complexation capacity and the nutrient availability was studied using exchange capacity experiments based on ultrafiltration procedure. The optimum pH for complexation was 4.5 and the order of affinity was: Fe(II) > Cu(II) > Co(II) > Mn(II) = Ni(II) > Zn(II). The maximum complexation capacity reached 56.8 mg·g -1 Fe of HS-P1 (the highest) and 1.7 mg·g -1 Zn of HS-P2 (the slightest). The exchange experiments
Introduction


Humic substances have undefined chemical structures and can vary widely depending on the characteristics of the environment in which they are formed [1, 2] . The most widely recognized functions of HS in the environment are the complexation and precipitation of cationic species, such as metals and the adsorption of organic compounds [3] [4] [5] [6] . These capabilities are due to the functional groups present in the chemical structure of HS, such as carboxylic groups, phenols and ketones, which are responsible for the interactions [7] [8] [9] . The interaction of HS with metal species results in the formation of HS-Metal complexes, hence, influence speciation transport and availability of inorganic species in the environment [10, 11] .
The beneficial effects of HS in soils include heat retention (due to its dark color), which contribute in seed germination and water retention, which prevents soil erosion. Also HS can be used as a soil conditioner that increases the stability of aggregates, hence, reduces risks of erosion by runoff and decreasing water infiltration rates, which is beneficial in terms of crop productivity [1, 12] .
Successful and sustainable food production depends on the quality of the soil, which needs to contain the organic matter and nutrients required for plant growth [13] . HS enriched with micronutrients responsible by plant growth present themselves as an attractive alternative for increasing agricultural productivity. There are some published studies have only evaluated the complexation capacity of elements present as contaminants without considering the natural competition that occurs between elements in the soil [14] [15] [16] . The appropriate soil management requires adequate knowledge of the interactions that involve humic substances, which play a major role in the transport, complexation and bioavailability of D DAVID PUBLISHING
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Substances Extracted from Peat Samples 368 nutrients in the soil. Although this is of fundamental importance in soil chemistry, the literature is fairly sparse in terms of detailed analyses of these processes. Then, the present study investigates complexation and exchange capacity using humic substances extracted from peat samples (HS-P), with the main micronutrients (Cu(II), Co(II), Fe(II), Mn(II), Ni(II) and Zn(II)) required for photosynthesis and plant growth.
Material and Methods
Reagents and Equipment
The stock micronutrient standard solution (100.0 mg·L -1 ) was prepared from the following salts: 
Peat Sampling and Humic Substances Extraction
The peat samples were collected from two peatlands at Sergipe State, Brazil on February 2010, at the 0-20 cm layer, with 5 samples obtained at each sampling point. Both peatlands are distance themselves about 50 km and the differences are little being one with more sand than other. The peat samples were stored in polyethylene bags, air-dried, triturated and homogenized in a porcelain mortar and sieved (2 mm mesh). The humic substances (HS) from the two peatlands (identified here as HS-P1 and HS-P2) were then extracted using the alkaline extraction procedure suggested by the International Humic Substances Society. A peat mass of 300 g was placed in a beaker, which was added 3.0 L of 0.1 mol·L -1 NaOH (1:10 ratio, m/v). The beaker was agitated under a nitrogen atmosphere for 4 h at room temperature (25 °C), using a horizontal shaker which is followed by centrifugation at 2,500 rpm. The humic substances (contained in the supernatant) were concentrated using a rotary evaporator and dried in a ventilated oven at 40 °C.
Humic Substances Characterization
The two humic substances samples were characterized by elemental and spectroscopic analyses. The elemental analysis employed a Flash EA1112 analyzer (Finnigan Thermo). The carbon, hydrogen, and nitrogen are determined by the combustion method and the oxygen by the pyrolysis method. The spectroscopic analysis was performed by 13C NMR with cross-polarization (CP) and magic angle spinning (MAS), using an Avance III 400 MHz spectrometer (Bruker), with a rotation of 5 kHz, a contact time of 2 ms and a relaxation time of 5 s and 11,000 scans. The 13C NMR spectrum was analyzed according to the chemical shifts of carbon in different spectral regions [17] .
Determination of Complexation Capacity (CC)
The equilibration time was determined in order to establish the ideal times for the complexation of Cu, Co, Fe, Mn, Ni and Zn with the humic substances. A volume of 10 mL of the stock solution containing 100.0 mg·L -1 of each nutrient was placed in an
Erlenmeyer flask together with 90 mL of 100.0 mg·L proposed by Burba et al. [18] was employed, which is based on a tangential ultrafiltration system equipped with a 1 kDa porosity cellulose acetate membrane (Millipore) (Fig. 1) . This membrane prevented the passage of HS and HS-N complexes with a molecular size greater than 1 kDa, hence, only allowing the passage of micronutrients that were not complexed with the HS (or that were free in solution). At predetermined times (10, 20, 30, 40, 
Determination of Exchange Capacity (EC)
The exchange capacity of each micronutrient was determined in the presence of the other micronutrients. Each exchange micronutrient was added to a solution of previously complexed humic substances. The exchange experiments were conducted using Erlenmeyer flasks containing 100 mL of the 100.0 mg·L -1 HS-P1 or HS-P2 sample solutions which was previously complexed with the micronutrients at the highest concentrations found in the CC experiments.
The pH was adjusted to the optimum value found in the CC experiments (pH 4.5). An aliquot of the filtrate (2 mL) was collected prior to addition of the exchange micronutrient and this point was taken as zero. 
Results
Structural Characterization
The elemental composition (carbon, hydrogen, oxygen and nitrogen) results are presented in Table 1 , together with the atomic ratios. The H/C and O/C atomic ratios for the HS-P1 sample were lower than for HS-P2. The H/C atomic ratio provides information on the degree of saturation of carbon in an organic molecule, with lower ratios being indicative of greater aromaticity of the HS. Besides, the O/C ratio is indicative of the carbohydrate content, with a lower ratio reflecting lower carbohydrate content. Therefore, the aromaticity of the HS-P1 sample was higher than that of HS-P2. The C/N ratio provides an indication of the origin of organic matter in natural environments. Values below 20 are indicative of humification processes favored by microbial activity, while values greater than 20 indicate the predominance of plants in the humification process [19] . For both HS samples, the humification process was associated with the presence of plants.
Nuclear magnetic resonance analysis (13C NMR) enables the relative percentages of the different types of carbon present in the structures of the samples to be estimated, so, possible structures of the humic substances can be proposed. Fig. 1 shows 13C NMR spectra for the HS-P1 and HS-P2 samples and provides the values of the relative percentages referring to the different carbon groups present which is obtained from integration of areas in different regions of the spectra. Shifts in the 0-45 ppm region were assigned to alkyl carbons and shifts of methoxylated carbons were found in the 45-60 ppm region. Other features included shifts at 60-110 ppm (alkyl carbon), 110-140 ppm (aromatic carbon), 140-160 ppm (phenolic compounds), 160-185 ppm (carboxylic carbon) and 185-245 ppm (carbonyl carbon) [20, 21] . More specific carbon shifts have been reported previously, such as those at 60-95 ppm (related to O-alkyl carbons) and at 95-110 ppm (related to di-alkyl carbon) [22] . It can be seen from the relative percentages of carbon groups that the shifts related to aromatic, phenolic and carboxylic carbons were more pronounced for the HS-P1 sample. While, the HS-P2 sample showed more pronounced shifts related to aliphatic carbons. This implies that the structure of HS-P1 was more aromatic when compared to HS-P2. This is in agreement with the elemental analysis (Table 1) . Since the HS-P1 sample presented a chemical structure that was richer in aromatic phenolic and carboxylic groups, compared to the HS-P2 sample, it would be expected to show different behavior in terms of the complexation process, micronutrient enrichment and nutrient bioavailability.
Complexation Capacity (CC)
The equilibration time was established by measuring the concentrations of micronutrients free in solution as a function of time after their addition. Equilibrium between the humic substances and the micronutrients (HS-N) was reached in 20 min, after which no changes were observed in the micronutrient concentrations (Fig. 2) .
The concentrations of the micronutrients free in solution were plotted against the concentrations complexed to the HS at different pH values. The graphs obtained resembled the adsorption isotherm curves generally obtained from highly adsorbent materials [23] . The behavior obtained from the complexation capacity of HS-P1 and HS-P2 enriched with the micronutrients was studied in four different pH levels. In most cases, exponential curve profiles indicated that the complexation of micronutrients proceeded progressively up to the point where the active complexation sites began to be saturated with the micronutrients. After complete saturation, the maximum complexation capacity could be determined from the inflection point of the curve [24] . For both samples (HS-P1 and HS-P2) and all micronutrients, the best complexation capacity was obtained at pH 4.5.
Once the best complexation conditions have been established, the CC can be calculated using mathematical models [25] [26] [27] [28] . The Scatchard model, which has been used in several previous studies [29] [30] , considers the complexation process described by Eq. (1) and the stability constant of the HS-N complex can be obtained using Eq. (2). 
Where, [ML] is the concentration of the complexed micronutrient, [M] is the concentration of the free micronutrient, L is the concentration of the binding sites, Kc is the stability constant of the HS-N complex, CC is the maximum complexation capacity and P is the concentration of the ligand (g·L -1 ). Table 2 shows the values of CC calculated for the micronutrients using samples HS-P1 and HS-P2. Sample HS-P1 was able to complex higher concentrations of the nutrients, which could be explained by the structural differences identified from the 13C NMR and CHN analyses. The structure of HS-P1 was more aromatic, containing phenolic and carboxylic groups that increased the complexation capacity. For both HS samples, the order of affinity was: Fe(II) > Cu(II) > Co(II) > Mn(II) = Ni(II) > Zn(II). This order of affinity can be explained by Pearson's theory, as well as by the Irving-Williams series, which considers the stability of the complexes formed with metal ions and takes into account the ionic potential of each metallic element.
Exchange Capacity (EC)
Once formed, it was important to determine the stability of the HS-N complex in order to evaluate nutrient bioavailability. The stability is normally quite high due to strong interaction of the anionic groups with the metal cations. However, under certain circumstances, the complex can be destabilized as in the presence of another metallic element with higher affinity or due to changes in redox and pH conditions. The exchange capacity provides information about possible changes in the stability of the initial complexes that could occur under different conditions. The exchange constant can be calculated using mathematical models similar to those used for the CC. showing that the HS-Fe complex was more stable than any other complex. The two samples of HS showed differences in terms of the degree of exchange, which was generally higher for HS-P1, especially for Cu and Fe.
Discussion
Understand the complexation processes involved in the environment is not easy due to the complexity of the composition of all substances present in each environmental compartment. In the soil systems, the processes are influenced by several factors like the solution soil pH, temperature, solar radiation, content of OM, the micro fauna and the concentration of nutrients and others substances with toxic potential [31] . Peat is extremely rich in organic matter and humic substances (HS) is the organic fraction extracted. The structural characteristics of HS are intrinsic to each region, since these are formed by the decomposition of plant and animal residues, which strongly influenced by some factors such as climate, topography and vegetation of the site. Thus, it is important to characterize each HS sample to better understand their composition and therefore, to understand the processes that the HS are involved and operated. The HS extracted from Brazilian peat were
Investigations on the Thermodynamic Stability and Availability of Nutrients for Plants by Humic
Substances Extracted from Peat Samples 373 characterized by techniques as elemental analysis and nuclear magnetic resonance of 13C. According to elemental analysis, using the atomic ratios between C, H, O and N, differences can be seen in the two HS samples analyzed. The HS-P1 sample showed a greater content of aromatic C than the HS-P2 sample and therefore, it is expected that the complexation of these samples with the micronutrients will be different.
Values of H/C and O/C observed in this study were very similar to those found by Gondar et al. [32] for fulvic and humic acid samples extracted from Spanish peat, where aromaticity was more evident in the humic acids. Fernandes et al. [33] observed values of H/C lower than obtained here for humic substances extracted from highly humified Brazilian peat. This is in agreement with the greater degree of unsaturation (aromaticity) that is observed during advanced stages of decomposition. From this finding, it can be concluded that the HS-P1 sample possibly is in the most advanced stage of decomposition. The results of the NMR analysis confirm the data of elemental analysis, which is evident the shifts from aromatic, carboxylic and phenolic compounds in the HS-P1 sample, while the shifts from HS-P2 sample refer to aliphatic C is more pronounced. Micronutrients are defined as substances essential to plant development at low concentrations. The main ones that can be cited are copper, molybdenum, iron, boron, manganese chloride, nickel, zinc and cobalt. In this study, it was decided to evaluate the micronutrients that are in cationic form in a wide pH range, such as copper, cobalt, iron, manganese, nickel and zinc. The availability of plant nutrients is influenced by the organic matter content in the soil. Thus, the complexation reactions that involve HS and micronutrients enable to know the dynamics and transport of these nutrients. The process of complexation is influenced by environmental factors such as pH and concentration of organic matter and nutrient. The pH of complexation evaluated in this study was chosen based on the pH observed in Brazilian soils, which can be acid and basic depending on the region in the country. The best pH for complexation of micronutrients with the HS was observed at 4.5. At pH 2.5, the functional groups present in humic substances are likely to be protonated, which hinders the complexation of cationic species due to charge repulsion. In addition, at this pH, micronutrient solubility is high (at the concentrations used). However, at pH 4.5, 6.0 and 8.0, the functional groups present in the HS structure tend to be ionized and are therefore, available for the complexation of cationic species in order to neutralize the electrostatic charges. At pH between 3 and 6, the carboxylic and phenolic groups (major constituents of humic substances) are preferably ionized and therefore, capable of complexing the micronutrients to equilibrate the charges [34] . At pH 6.0, elements such as Fe and Mn can be precipitated and/or hydrolyzed (at the concentrations evaluated), while at pH 8.0, there is further precipitation, with the elements Cu and Zn becoming less soluble in solution. These considerations provide an explanation for the observation that the best complexation was achieved at pH 4.5, since the elements were available in solution and the carboxylic and phenolic groups were preferentially ionized. Garcia-Mina et al. [30] found that the maximum complexation capacity of Cu, Zn, and Fe in HS samples extracted from peat occurred at pH 6-9 due to the greater ionization of the acidic groups present in the HS structure.
From the viewpoint of soil applications, there could be a possibility of soil acidification if the HS-N complexes were applied at pH 4.5. Moreover, López et al. [35] showed that the formation of metal-organic complexes leads to an increase in acidity of soil solution. Nonetheless, acidification can be easily controlled using lime, and silicon has also been shown to provide effective support for the plant [36] . Furthermore, any drawbacks could be compensated by the ability to use a single product containing the micronutrients that are most important to plants as
Substances Extracted from Peat Samples 374 well as the organic material needed to promote healthy growth. The Scatchard model was applied to the results of complexation at pH 4.5 to calculate the maximum complexation capacity (CC). And the CC which was obtained confirmed that the HS-P1 sample, which has a chemical structure rich in aromatic, carboxylic and phenolic compounds, interacts with a greater amount of nutrient when compared with the HS-P2 sample. This shows that the knowledge of the chemical structure is important for understanding the processes of complexation and consequently, the availability of the nutrient complexed. Moreover, it can be verified an affinity order for the micronutrients: Fe(II) > Cu(II) > Co(II) > Mn(II) = Ni(II) > Zn(II). According to Pearson [37] , all the micronutrients evaluated (with valency of II) are regarded as unreliable or are not even classified as hard or soft acids. However, some studies have shown the ability of the HS to influence the formation of species such as Fe(II) and Fe(III) under certain experimental conditions including solar or artificial irradiation [38, 39] . In addition, Fe(III) is classified as a hard acid and therefore, able to interact with hard bases such as hydroxyl and carboxylic groups. Since humic substances contain phenolic (-OH) and carboxylic (-COOH) groups, they are considered to be hard bases, which explains the stronger interaction with Fe. In the case of the other micronutrients, for which the valency remains unchanged, the Irving-Williams series is applicable: Mn(II) < Co(II) < Ni(II) < Cu(II) > Zn(II), where Cu is the element that forms the most stable complexes [40] . Schnitzer and Kerndorff [41] evaluated the sorption of eleven metals on humic acid and observed a similar behavior being the Fe most sorbed while the Mn was least sorbed. They also verified that the sorption increase with the pH, but some elements like Fe and Cu could form hydroxides at pH 5.8. The results more consistent obtained by them were verified at pH 4.7, which similar to the author's results.
The stability of the complexes can be changed depending on the environment in which they are exposed. For example, different soil types have different concentrations of nutrients and metal species as aluminum or other contaminants such as lead and cadmium. These substances can act in the complex in case of them which are present in high concentrations or have a greater affinity with the HS. Thus, the need to evaluate the behavior of the nutrients previously complexed to HS against to others substances, allows to know the dynamics of them in the environment. The exchange capacity experiments showed that the complexes previously formed with micronutrients are altered in the presence of other micronutrients. The HS-Fe complex was the most stable since in the presence of this element (iron), the exchange constants were favored. Araujo et al. [42] assessed the capability for exchange between the elements Al, Fe, Cu and Co. He found that the HS-Al and HS-Fe complexes were more stable than HS-Cu and HS-Co. This behavior was attributed to the valency of the ions. Whereby, trivalent ions such as Al(III) and Fe(III) have less dependency on stability as a function of molecular size. In the case of Zn, in all the experiments it was observed that there was a release of this element in the presence of others. This could be advantageous in certain cultivations like maize, while Zn is a limiting micronutrient for optimal development [43] . The application of HS enriched with a mixture of micronutrients should favor the release of zinc, which would then be available to assist plant growth. To resume, the complexation processes evaluated in this work showed the pH obtained for optimum complexation was 4.5 and the order of affinity micronutrient. The HS-P-Fe complexes were formed preferentially. The HS-P-Zn complexes were the least stable. The results support the understanding of the processes of nutrients availability and thus, could help to comprehend how the micronutrients are distributed in the soil.
Conclusions
The present study investigated the complexation and exchange capacity of humic substances extracted from peat samples (HS-P1 and HS-P2), with the main micronutrients (Cu(II), Co(II), Fe(II), Mn(II), Ni(II) and Zn(II)) required for photosynthesis and plant growth. The optimum pH for complexation was 4. exchange experiments showed that HS-P-Fe complexes were formed preferentially. The least stable complex was formed with Zn, which was therefore, more easily available. The results contribute to understand the behavior and availability of some nutrients in soils.
